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ACOUSTICALLY  SG\NNED  IMAGE 


I . SU’^INRY 

W#>  drscribc  bflrc  our  work  during  the  last  six  laonths  on  a new  type  of 
optical  scanning  device  %diich  raakes  use  of  acoustic  surface  waves  to  scan 
an  optical  image.  Tlic  device  employs  a silicon  semiconductor  as  the  photo- 
detector;  the  nonlinear  interaction  of  two  acoustic  surface  waves,  whose 
electric  fields  Interact  with  the  silicon  is  employed  in  the  basic  mechanism 
of  detection.  In  this  mode  of  operation,  this  nonlinear  mechanism  basically 
measures  the  variation  of  the  capacity  of  the  depletion  layer  of  the  semi- 
conductor rather  than  the  conduction  current  through  the  depletion  layer,  as 
is  normally  the  case  in  most  solid-state  devices.  The  readout  mechanism  is 
essentially  a nondestructive  one.  and  the  definition  of  the  device  is  con- 
trolled basically  by  the  bandwldth|of  the  acoustic  surface  wave  signal  er?i>loyed, 
while  the  number  of  resolvable  spots  is  equal  to  the  time-bandwidth  product 
of  the  surface  wave  device.  The  measured  sensitivities  of  some  of  these  de- 

p 

vices  are  of  the  order  of  1 uW  cm  although,  because  of  the  presence  of  sur- 
face states,  our  results  have  varied  quite  widely  at  the  present  time  from 
one  device  '.o  another. 

In  Section  II  we  describe  our  work  on  the  airgap  Si-LiJCbO„  corvol>'er 
configuration  viiich  is  employed  in  this  optical  imaging  device.  It  has  proved 
convenient  to  work  with  this  configuration  because  of  our  experience  with 
earlier  convolvers  based  on  this  type  of  construction  and  because  it  is  simple 
to  change  the  semiconductor  s.amplcs  that  .are  employed  so  as  to  test  out  the 
principles  of  operation.  We  do  not  regard  this  configuration  as  .•»  final  one; 
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wc  regard  It  -lorc  ns  a Inboratory  tool  for  testing  out  our  research  ideas 
when  they  are  first  conceive*!.  'Hius  in  Section  11  we  describe  our  work  on 
scanning  optical  inages  with  the  airgap  convolver,  and  how  vc  are  able  to 
obtain  directly,  in  this  device.  Fresnel  .r.jd  Fourier  spatial  transforms  of 
an  optical  image.  Wo  also  describe  liow  wc  have  reconstructed  the  original 
images  by  carrying  out  inverse  transforms.  In  the  case  of  the  Fresnel  trans- 
forms, we  do  this  by  inserting  the  output  signal,  wliich  is  in  the  form  of  an 
rf  chirp,  into  a dispersive  delay  line.  In  t!ic  case  of  the  Fourier  trans- 
form, we  take  the  inverse  transform  hy  using  a spectrum  .analyzer. 

The  employment  of  such  transforms  gives  a major  improvement  in  signal-to- 

noise  ratio  because  of  the  large  scanning,  times  emplc>yed  for  one  spot.  We 

»how  theoretically  that  by  this  tcchniv,ue  cne  can  improve  the  s ignal -to-noisc 

ration  by  a factor  N’B,  /fl  wliere  S is  the  number  of  spots,  B.  is  the 
^ in  out  in 

bandwidth  of  the  scanning  signals  employed  in  the  device,  and  is 

bcndwidtli  after  processing.  This  ratio  B.  „ is  also  oaual  to  the  ratio 
of  the  final  scan  time  in  the  display  to  the  .«:c.nn  tine  in  thi.s  device.  Im- 
provements in  the  signal-to-noise  ratio  of  the  order  of  /O  dB  arc  easily 
realizable  in  pract..ce,  as  vo  Will  show.  Further  advantages  of  this  technique 
are  tliat  wc  are  able  to  obtain  .an  arbitrarily  narrow  output  bandwidth  and  r.n 
arbitrarv  senn  rate.  Pictures  with  a iis*'c  lino  time  .and  .a  J''  point  reso- 
lution have  hcen  obtained  in  this  wav,  .and  vc  are  currently  on  the  point  of 
testing  a system  with  l''"'-;jO'r'  rosolvaMe  spots.  Tliis  part  of  the  work  will 
be  ccmnletcd  wiien  a new  dispersive  dolav  line  filter.  v*iich  is  being  supplied 
to  us  by  Lincoln  Laboratories,  hccome.s  availcblr. 


theoretical  developnent  of  the  senicon- 


In  Section  111  we  describe  our 
doctor  convolver  theory.  This  is  required  for  an  understanding  of  the  opera- 
tion  of  the  optical  inaglng  device,  so  as  to  be  able  to  detennine  the  optinun> 
operating  conditions.  We  were  particularly  interested  in  understanding  the 
effect  of  surface  states,  i.e.,  whether  it  would  be  useful  to  operate  with  a 
depletion  layer  at  the  surface,  at  flat  band  conditions  or  in  accumulation. 

Wc  have  shown  that  a depleted  surface  is  the  optimun  condition  in  which  to 
operate,  both  for  optical  inaging  and  for  convolution  devices.  The  results 
V.C  have  obtained  theoretically  are  in  good  agreement  with  our  experlnents  and 
yield  an  entirely  new  way  of  nrasurlng  the  surface  state  density  distribution 

through  the  bandgap. 

A complete  theory  for  the  optical  sensitivity  of  these  devices  is  not  as 
yet  fully  developed,  basically  because  in  our  design  of  the  ZnO  on  Si  con- 
volver, described  in  Section  IV,  so^newhat  different  configuration  and  consldera* 
tlons  ate  used  and  should  result  in  several  orders  of  magnitude  improvement  in 
optical  sensitivity.  Therefore,  it  has  not  seized  worthwhile  to  carry  out  the 
conplete  theory  for  the  present  configuration,  although  wc  feel  that  our  work 
for  the  past  six  months  has  led  us  to  a basic  physical  understanding  of  hcr^  the 
sensitivity  depends  on  the  operating  parameters  of  the  devices. 

In  SectlOu  IV  wc  describe  our  ucvclopmcnt  of  the  technology  of  the  ZnO 


on  Si  convolver  .configuration  for  use  in  the  optical  inaging  device.  It  has 
been  our  contention  all  along  that  the  nirgap  - LiNbO,  - Si  convolver  config- 
uration is  only  a step  or.  the  w..y  to  the  development  oi  a practical  inaglng 
device.  It  is  not  the  final  configuration,  because  1)  the  alrgap  is  mechani- 
cally difficult  to  v..irk  with,  .and  'l)  it  is  more  difficult  to  obtain  a device 


a 


wfilch  Is  free  of  surfnee  state  problem  In  tb‘>  SiO,  on  the  SI  interface 
when  the  SIO^  is  exposed  to  the  atmosphere  rather  than  beinp  covered  by  a 
layer  of  metal  or  other  material.  It  appears  that  the  outside  surface  of 
the  SiO^  tends  to  retain  surface  charpes;  other  effects,  which  we  do  not 
fully  understand,  also  appear  to  be  present  and  tend  to  lead  to  nonuniform- 
itics  In  such  devices. 

The  developracn*'  of  a ZnO  on  Si  convolver  has  required  a considerable 
improvement  in  the  technology.  This  we  have  been  carrying  out.  partly  in 
the  Stanford  Integrated  Circuit  I.aboratory  and  par;ly  in  our  Acoustic  Labora- 
tory, using  both  technologies  wtiere  needed.  The  requirement  has  been,  first, 
to  obtain  high  quality  ZnD  which  is  consistent  from  run-to-run  and  in  which 
the  piezoelectric  coupling  is  at  its  optimum  value.  This  wc  have  succeeded 
in  doing  very  satisfactorily,  after  considerable  development.  Secondly,  we 
have  required  high  quality  transducers  for  use  in  this  configuration:  this 
has  required  considerable  developracnt . One  problem  has  been  that  , because 
the  transducers  are  laid  down  very  close  to  the  silicon  surface,  the  capacity 
of  the  pads  is  very  high  and  we  have  had  to  construct  special  transducers  to 
minimize  this  capacity.  Also  we  have  had  to  operate  in  a balanced  mode  with 
specially  constructed  balun  transformers  used  to  improve  the  efficicnev.  We 
are  now  able  t<\  reproduc.  ibly  make  devices  with  a net  terminal  loss  from  teim- 
Inal -to-termlnal  of  less  th.'n  Ip  dU , using  transducers  with  a bandwidth  of 
6 ISIz  and  a center  frequency  of  l''‘3  >Ql7. . Wc  expect  to  improve  the  bandwidth 
by  a factor  of  2 or  p-  This  should  make  the  device  adequate  for  a J.CXD  spot 
image  with  a semiconductor  length  of  2 cm.  It  should  he  pointed  out  that 


most  of  the  development  time  during  this  part  of  the  development  of  ‘.he 
technology  has  been  involved  with  improving  the  convolver  itself,  rather 
than  using  the  ZnO-Si  conf igur.ntion  for  optical  imaging.  We  have  now 
made  convolvers  whose  operating  characteristics  are  comparable  to  those  of 
the  airgap  convolver.  We  have  also  worked  with  waveguide  conf iguraf.ion  cn 
another  contract  and,  by  narrowing  the  beam  down,  have  been  able  to  make  a 
highly  efficient  convolver.  We  have  shown  that  the  present  configuration 
is  optically  sensitive,  although  we  have  also  found  that  there  are  storage 
effects  present  which  arc  dependent  on  surface  states.  Thus,  considerable 
effort  has  also  been  dtvoted  to  minimising  these  storage  effects.  For  this 
purpose,  we  are  presently  constructing  a buried  channel  device  wiiich  should 
eliminate  most  of  these  difficulties. 

Finally,  in  Section  V ve  give  a short  description  of  a chirp  generator, 
which  we  have  constructed  on  this  contract,  lor  use  in  transform  coding  in 
these  types  of  devices.  The  need  here  is  to  be  able  to  make  chirp  generators 
with  a high  scan  rate  and  a highly  linear  frequency  variation  with  time. 

For  use  on  this  contract,  we  h.ivc  purchased  an  optical  ber-'i  which 
includes  a set  of  lenses  and  a ligl  t source.  In  addition,  two  waveform 
generators  for  use  in  the  transform  devices  have  beeti  purchased.  We  have 
also  constructed  an  FM  chirp  generator  in  this  laboratory  wliich  has  better 
linearity  for  the  scan  rates  and  bandwidths  wc  require  than  commercially 
avail.nblc  generators.  This  is  described  in  Section  V of  this  report. 
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11 . 1>!AG1NG  AND  TRANSFORM  CODING 


A.  Introduction 


Wc  describe  here  new  techniques  for  scanning  optical  Images.  These 
techniques  make  use  of  the  signal  processing  methods  famlTlar  in  the  acoustic 
surface  wave  device  field.  In  particular,  It  has  proved  advantageous  to  use 
linearly  modulated  FM  chirps  for  scanning,  rather  than  simple  pulses.  This 
has  the  effect  of  giving  an  arbitrary  scan  time,  and  makes  it  possible  to 
carry  out  Fourier  transforms  of  optical  images;  in  other  cases,  It  Is  possible 
to  obtain  chirp  Fresnel  transforms  of  optical  images.  The  advantage  of  using 
such  methods  is  that  the  signal-to-nolse  ratio  can  be  considerably  enhanced, 
and  the  bandwidth  of  the  image  signal  can  be  tailored  and  unnecessary  Infor- 
mat  I on  eliminated  from  the  image. 

B . Basic  Configuration  of  the  Convolver  and  Theory 

VTs  consider  the  silicon-acoustic  surface  wave-delay  line  configuration 
illustrated  in  Fig.  II-l.  A semiconductor,  st7ch  as  silicon,  is  placed  In 
close  proximity  to  the  surface  of  the  delay  line,  typically  made  of  LiNbO-  . 
When  the  device  is  operated  as  a simple  convolver,  two  waves  arc  launched  at 
the  same  frequency  a in  opposite  directions  by  means  of  intcrdigital  trans- 
ducers. These  waves  have  fields  that  vary  as  exp  (j^5(t+e/v)]  and 
exp  {ja(t-r./v)  respective!}' , where  v is  the  surface  wave  vclocitv.  In 
the  simplest  regime,  the  ''depletion*'  regime,  the  total  electric  field  F.  normal 
to  the  surface  produces  a depletion  layer  of  thickness  / where  E = qN  //V 
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Nj  is  the  donor  density  of  the  <nssunicd  n-type  serai .onductor , q the 

electronic  charge,  and  c the  permittivity  of  the  serai  conductor . In  turn, 

this  implies  that  there  will  be  a potential  developed  across  the  depletion 
2 

layer  ■ qN,£‘*/2c  , or 


/ = cE  /2qN  . 


(Il-l) 


Because  of  this  nonlinearity,  a unifom  potential  will  be  generated  at  a 
irequency  2oj  . It  can  be  detected  between  the  silicon  and  a plane  electrode 
on  the  lower  surface  of  the  delay  line.  This  resultant  potential  represents 
the  convolution  of  the  input  signal  modulations. 

In  order  to  lower  the  surface  state  density,  the  semiconductor  surface 
is  carefully  oxidized.  Tl-.is  is  particularly  important  when  biasing  the  semi- 
conductor or  when  illuminating  it,  so  as  to  change  the  carrier  density  of 
the  silicon  and  hence  the  outout  of  the  convolver,  enabling  construction  of 
a photo-sensitive  device. 


C.  Application  of  the  Convolver  to  Imar 


Since  the  silicon  used  Is  photocnnduct ivc,  i 1 luminat ing  it  mndulcNis  the 
carrier  density  and  hence  the  nonlinear  coupling.  Tl)c  simplest  way  to  read-out 
an  image  is  to  insert  a narrow  rf  pulse,  the  scanning  pulse,  at  one  end,  and 
a long  pulse  at  the  other  end  of  the  delay  line.  The  convolution  output  will 
be  modulated  and  the  output  as  a function  of  time  corresponds  to  the  illumina- 
tion along  one  line  of  the  image.  One  of  the  original  difficulties  o.’  this 
system  was  its  limited  dynamic  range  becatise  of  the  inherently  high  output  with 
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no  ligh*:  present  (the  dark  current).  A big  advance  in  the  state  of  the  arc 
has  been  to  make  Che  dark  current  very  small  and  hence  the  dynamic  range 
large.  We  do  this  by  passing  the  light  incident  on  the  semiconductor  through 
a coarse  optical  grating  of  period  I , as  shosm  in  Fig.  II-2.  This,  in 

effect,  introduces  a wavenumber  K into  the  light  beam,  such  that  K/  *= 

Now  the  optimum  output  is  obtained  with  two  input  signals  of  frequencies 
03^  , 0^  , propa^^ation  constants  of  kj^  , kp  respectively  such  that 

kj^  - k.5  = 1 K , (ll-2a) 

fi|  - (Up  ss  + Kv  , (ll-i-b) 

where  v is  the  velocity  of  the  acoustic  surface  wave.  By  using  a nondegen- 
erate system  with  input  frequencies  , u'p  displaced,  by  the  amount  given 

in  Eq.  (ll-2b)  a strong  output  is  obtained  when  the  device  is  illuminated, 

with  a very  small  output  when  there  is  no  light.  Thus  the  "dark  current"  is 
caused  to  be  very  small.  It  should  be  noted  that  if  three  colorcrl  gratings 
of  different  periodicities  are  used,  the  device  can  ht  arranged  to  give  out- 
puts at  three  different  frequencies  corresponding  to  the  three  primary  colors. 

With  the  simple  set-up  represented  in  Fig.  II -'  and  a displacement  in 
frequency  of  10  , wo  have  obtained  a dynamic  range  of  the  order  of 

>0  dB  . An  example  of  "direct  imaging"  with  a narrow  scanning  pulse  and  a 

grating  of  periodicity  " ,in  OO  MHx)  is  shown  in  Fig.  II---.  We  arc  now 
developing  a system  accommodating  a 20  frequency  d i splacem.ent . A 

dynamic  range  of  55  more  has  been  obt.iined.  The  dynamic  range  is 

now  limited  only  by  the  noise  level  in  the  device,  i.e.,  its  sensitivity. 
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The  convolution  output  volti*«;e  Is  proportional  to  l/H  , When  the 
convolver  is  illuainated,  the  carrier  density  is  perturbed  by  /Ml  ; and  duo 
to  the  grating,  this  perturbation  is  of  the  fora  /Jl  - ,'JI^  -*■  ens  Kz 
If  the  input  signal  center  frequencies  are  Identical,  the  convolver  is  operated 
in  a degenerate  aode  and  its  output  voltage  is  proportional  to  fN  4 ^ 


(II-3) 


If  the  input  signal  center  frequencies  are  offset  by  ^ a + Kv  , the  vonvol- 
ver  is  operated  in  a nondegencrate  fashion;  it  only  responds  to  one  of  the 
haraonic  coaq»onents  of  .Ml  , hence  its  output  voltage  is  proportional  to 


*J«j  , or 


nondeg 


1 1 .N. 


X 2 K 
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The  ratio  is  slaply  a function  of  the  geoaetry  of  the  grating;  in 

the  experlaenta!  case  of  a grating  cotq>osc«'  of  dark  stripes  three  tiaes  wider 
than  the  white  stripes  (duty  cycle  - ' we  obtain 


(tI-5^ 


To  check  the  validity  of  the  rela*l  -ns  1 an.l  ll-k',  we  ■aeasured  tho  de- 

crease in  the  degenerate  convoTtiM  »n  power  C'^rrospon^'ing  to  a certain  illuni- 
nation.  Froa  this  r«i  •■ure<*ent  an«l  F*;,  'll-”'  wc-  d«Tlve  'X  /JX  ; then  using 
E^s.  (ll-Ji)  and  (11-."'  wr  can  pro'Ict  ;'<c  val'ie  of 


i.e.,  the  ratio  of  the  nondegencrate  convolution  power  to  the  degenerate  con- 
volution potwr  in  abacoce  of  light.  This  ratio  \*as  neasurcd  directly  for  a 
snail  offset  of  O.h  mz  so  that  diffusion  effects  auiy  be  neglected.  The 
results  are  coopered  in  the  table  given  below  and  show  a good  agreenent  between 
predictions  and  SKSSureawnts . 

^deg 
'deg 

(sKSsured) 

- 3 •’B 


P . 'P.  no  light 

nondeg'  deg 


predicted 


- 11.7  d* 


snasured 


-12. dB 


In  the  flat  band  case,  a sisq>le  equilibrium  sK>del  predicts  a variati.>n 
of  the  surface  carrier  concentration  given  by  the  relation 

.'iHj  » ~C/oD  * I(L*‘'  ♦ + S/bj"*  , (II-^) 

«4iere  C is  the  generation  rate,  a the  light  attenuation  in  the  silicon. 

D , L , and  S the  diffusion  coefficient,  the  diffusion  length  and  the  sur- 
face rccodbination  velocity  of  the  minority  carriers,  respectively. 

In  the  case  of  n-type  silicon  with  a surface  state  concentration  rot  ex- 
ceeding lO^^cm  ^ it  will  be  seen  that  the  term  s/D  can  be  ne>;lcctcd. 

Figure  II-5  gives  plots  of  the  ratio  of  the  nondegenerate  ccnvoliition 
power  to  the  degenerate  one  in  absence  of  light,  versus  the  frequenev  offset 
for  two  n-type  silicon  sanplcs.  This  ratio  should  be  pr-Tpcrtional  to 
As  can  be  seen  from  Fig.  II-  the  dependence  on  K predicted  by  En . 17-'  is 


- Ih  - 


FREQUENCY  OFFSET  (MHz) 


RnCio  of  nondcgcncratc  convolution  power  to  degenerate 
convolution  power  in  dark  versus  frequency  offset  for 
two  n-type  silicon  sanplcs.  under  flat  band  conditions 


verified  cxpcriraentally : for  small  K th s nondcgcncratc  convoluLion  is  indc- 

-2 

pendent  of  K ; for  large  K it  varies  as  K ; the  break -off  point  takes 

3 

place  for  a frequency  offset  of  2.5  ± 0.5  MHz,  i.*;.,  v = 5 x 1.10  o From 

Eq.  (II~6)  this  point  corresponds  to  K - L ^ , hence  we  can  sMiasurc  the  v.nluc 

2 

of  the  uilnority  carrier  lifetime  t = L /D  . We  obtain,  t = CO  ± 20  ijs.  The 
light  sensitivity  depends  on  the  nature  of  the  semiconductor  and  the  value  of 
the  surface  potential.  The  threshold  sensitivity  has  been  measured  to  vary 
from  1 to  100  pW/cm  . The  KTF  of  the  system  depends  on  whether  the  surface  is 
at  flat  band  or  is  depleted  and  has  not  been  fully  evaluated  for  the  depleted 
case.  Suffice  it  to  say  that  an  advantage  of  the  use  of  the  periodic  grating 
is  that  the  KTF  is  almost  independent  of  the  definition.  We  expect  and  observe 
ftt-  better  sensitivity  with  a depleted  surface,  due  to  the  high  hole  velocity 
normal  to  the  surface. 

D.  Transform  Techniques 

So  far  we  have  discussed  the  simplest  situation  — that  of  a short  pulse 
scan  of  tne  image.  This  is  equivalent  to  scanning  a semiconductor  with  an 
electron  beam  of  small  diameter.  In  such  a device  the  signal >to-noise  ratio 
decreases  as  the  tine  tak''n  to  scan  one  spot  in  the  image  is  decreased,  i.e., 
as  the  definition  is  increased.  We  now  consider  the  possibility  of  using  more 
corq>licated  waveforms  of  long-time  duration  (the  line  time)  to  scan  one  line 
of  the  image.  In  this  case,  if  we  feed  the  output  into  a correctly  dc.sfpnoa 
natched  filter,  as  in  radar  systems,  it  is  possible  to  obtain  a shorr  pulse 
signal  corresponding  to  a spot  in  the  image,  i.e.,  to  take  an  invcr.se  r.rans- 
form  of  the  scanning  signal.  As  in  radar,  such  matched  filter  pulse  compres- 
sion techniques  give  rise  to  .in  Improvement  in  the  signal-to-noisc  ratio  because 
any  spot  in  the  iraigc  is  now  scanned  for  the.  line  time  rather  than  the  spot  tir'*'. 


1' 


As  an  example,  when  two  linear  FM  chirp  sip;nals  are  inserted  into 


opposite  ends  of  the  device  with  frequencies  tu  ■ cn,  + u,t  , oi  ■ ov,  - M^t  . 
respectively;  they  give  rise  to  two  waves  with  a linear  variation  of  frequency 
and  a square  law  variation  of  phase.  Using  the  center  of  the  device  as  a 
reference,,  we  find  that  phase  of  the  resultant  product  signal  is 

- “i)f  ♦ . (11-7) 

With  a grating  filter  with  K ■ (ov>  - o>j)/v  , the  output  signal  due  to 
a carrier  density  variation  rt(z)  along  the  length  of  the  devices,  caused 
by  illumination  with  light  is 


oy  liiuminacion  wicn  iignt  is  i 

, f 2 ^ \ 

J ♦ _ I ^ X tz 

f 2 \ / / 7 

F(t)  - « ‘ ^ /n(z)  . ' 'x  0 


dz 


(11-?') 


When  ns  lig  • u , the  output  as  a function  of  tine  is  the  spatial  Fourier 
transform  of  the  carrier  density,  and  hence  of  one  line  of  the  image.  By 
using  an  acoustic  convolver,  or  matched  chirp  filter,  and  Inserting  this  sig- 
nal in  the  proper  way,  an  inverse  Fourier  transform  of  tlie  input  signal  can 
be  obtained,  and  hence  tl»c  original  image  signal  recovered. 

The  device  offers  the  important  advantages  that  (l)  it  tends  to  differm- 

• • 

tiate  against  impulse  noise  because  impulse  noise  modulation  of  the  Fourier 
transform  signal  gives  rise  to  a uniform  background  on  the  image  rather  than 
points  of  light,  (2)  Che  Fourier  transform  or  other  transforms  can  be  er^loyed 
for  signal  processing  to  enhance  the  slgnal-to-noi se  ratio,  to  eliminate  re- 
dundant information  in  the  pictures,  and  to  obtain  an  .srbltrarv  scan  rate 
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along  the  Inag \ng  device,  (5)  because  the  input  frequencies  arc  different, 
we  can  feed  in  signals  of  arbitrary  length  withotit  reasons  to  worry  about 
echoes  off  the  end  of  the  line  and  multiple  transit  convolutions. 

We  have  carried  out  several  orperiments  to  dcrionstratc  these  principles 
which  arc  illustrated  in  Fig.  In  one  example,  a grating  filter  with  a 

550  period  is  used  in  front  of  the  device  to  give  good  dynamic  range.  An 
object  consisting  of  a photographic  transparency  is  also  placed  ir.  the  path 
of  the  incioent  light,  and  a signal  corresponding  to  the  Fourier  transform 
of  the  object  is  produced,  as  the-im  in  Fig.  ll-7(a)>  In  this  case  the  input 
signals  were  10  siscc  long  chirps  of  opposite  sign  with  center  frequencies  of 
115  and  105  KilJS.  In  the  examples  shown,  wo  tised  a .simple  7 period  gracing 
with  s periodic  spacing  o*  approximately  2 lam  as  the  illuminated  object, 
and  displayed  the  output  amplitude  as  a function  of  tine,  as  shown  in  Fig. 
II-7(a).  The  center  peak  corresponds  to  the  rrro  spatial  frequency  component 
and  the  two  main  lohos  tr  the  periodicity  of  tht  gr.iting. 

With  a slew  sc.in  such  as  the  one  used  here,  the  simplest  way  to  recon- 
stitute the  image  is  with  a spectrum  .in.'l "r.."r . The  output  from  the  spectrum 
analyzer  is  show;i  in  Fig.  Il-7(‘*),  and  is  seen  to  c ■*rrc.*-.pond  veil  to  the  con- 
figuration of  the  original  oijrot. 

It  is  .appjrev.t  fl'.-t  the  o'lfpot  *'an'*widih  is  -h-trmine<'.  hv  ;he  chirp  r.att  . 
an<l  that  the  T'-iri*  r tr.'.nsforr.  teehri.pio  s.»  -n le*; , .an"  point  on  thi  inagr  ior 
the  ».!iolc  len  .rh  of  th*  ohirp.  Tl  us  fhi»  use  of  ;hir  te.'hr.ique  providrs  .a  con- 
siderable c:  h -noi  ijv  at  <'f  the  s ig  *.il -to-noi  so  r.itio,  ;if  romparca'  to  c".ploying 
a direct  n.irrow  pulse  scan. 
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FIG.  II-6  Schematic 


i'f.i&iWjriii'iit  I irriTirhil-  'mn  ^(riii 


(b) 

INVERSE  TRANSFOmm 
« IMAGE 


A frturirr  tr  *n*iom  ot  • p^riiidic  icrAttRft  with  « prriod  0I 
. A *;rAttn»  (lltrr  of  • in^  wiCli 

in|»u(  fr^urowt^'  of  \l  «oo  I >W.  4nr!  chirp*  with  » total 
••^c%«r«iofi  of  ^ «ibd  I «» . 


n*«  ir)vtr««  ^*Mir;rr  trm^torai  1 tkm  with  • .p#^  tr«M»  iimIv/ct 


FOURIER  TRANSFORM 


2 ms 


The  Fourier  transform  technique  is  merely  one  rxann Ic  of  a wide  ranre  of 
r.ignal  processing  techniques  which  cm  he  applied  for  optical  irogc  pn'cossinr. 


not  only  to  improve  the  sensitivity  hut  also  the  hnn'Vldth  and  definition. 

In  the  more  general  case,  with  5/  , a Fresnel  transform  is 

obtained.  We  have  demonstrated  such  a Fresnel  transform  system  as  shown  in 

Fig.  11-8.  Ir.  this  case,  a chirp  output  with  a chirp  rate  u,  - and  0 

I I. 

bandwidth  B ■ (p.  - p^)  T /0:t  is  obtained  from  one  soot  at  a.  in  the 

S 1 c-  * 0 


image  (n(z)  = integral  of  Eq.  (ll—*)].  The  image  can  be  recon- 


structed by  inserting  the  output  signal  into  a suitably  matched  filter,  matched 
to  a chirp  with  a rate  pj^  - p^ 

In  the  Appendix,  a rigorous  mathematical  derivation  of  the  entire  pro^-ess 
is  given.  It  is  shown  how  the  chirped  signals  have  to  be  chosen  to  achieve  a 
given  resolution.  One  conclusion  Is  that  if  we  suppose  that  the  time  length 


of  the  chirps  is  , the  minimum  resolvable  spot,  defined  as  the  distance 


between  1»  dB  points  equivalent  to  the  SLayleigh  criterion  is  of  length  d 


where 


"TTV  /{ 1*  • .1  T 

I < I* 


V 'n. 


(no) 


Thus  B_  Is  the  total  bandwidth  of  the  cbirps,  or  the  bandwidth  roquirod  for 


the  pulse  scan  of  the  tr-'i'inMin  reso!«'j*  ' spot.  In  this  case  it  can  l»c  stu'w 
that  the  effective  scan  v(l.»city  ..1  >ng  *hc  c.'nvolvcr  hcroncs 


v.Ui 


n - 


T'.ius  an  arbitrary  scan  vclncity  ran  I'e  cb*airc<'..  Tbo  niinbcc  of  rcs«'I*’ah J o 
spots  is  )!tlll  N " , v,-fiorc  I.  is  the  lrnr,*-b  of  the  imnj-im;  deviro. 

It  is  also  shown  in  the  anpon<5ix  that  the  op f in'un  signal -to- nniso  ratio 
inprovenent  in  using  this  matched  filter  chirped  scan  is 

C - = V’^'^^s  • (II-II) 

There  is  an  improvement  of  B,/n  because  the  bandw^d^h  of  the  noise  entering 

C s 

the  miicchcd  filter  is  decreased  by  t’uit  fa'  tor;  and  fhe^'e  is  a factor  N , the 

iiumSct  of  resolvable  sptits  wiiich  ari;.''S  bts-ause  of  the  larfo  increase  in  the 

time  spent  obtaining  a signal  from  one  par*iru?ar  spot  in  the  image. 

For  a V!  line,  T , - '^0  us  , B * , N « ■■>')  , we  would  use  an 

t.  s 

acoustic  device  with  a dcln/  of  <=  0 u*»  and  a riiirp  band*  idth  ^3i7. 

the  signal-to-noiso  ratio  inprovo'-'cni  would  he  *0  y.  y , i.o.  ’f  dB  . The 

initial  experiments  were  done  v;,t!»  th«*  sul*np'.imai  fir-.'ires  r-.  C'  i s , 

B ~ l.B  ICIr  , B 7'^  lo'’''lof  to  a -yo  point  r.?sc*ution.  ’ os  of 

s C 

pictures  taken  with  this  device,  by  me'‘b;mi'-.'l) v scauning  in  one  a:rertion  are 
sh<-wn  i n Fig . 
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III.  THE  AIRCAP  COK\*OLVER 


A.  CoT>lcto  Theory 


A siTplc  theory  valid  for  flat  hand  condition  has  hren  published  in 
this  laboratory.^  A new  and  taorc  cogplctc  theory  covering  the  depletion, 
.accianilation , and  inversion  rcp.iracs  will  now  be  described.  This  will  be 
coepared  with  cxperiacntal  results  in  Section  B.  It  is  shown  that  we  can 
predict  the  shape  of  the  variation  of  the  propagation  loss  with  applied  dc 
voltage,  and  can  accurately  predict  the  convolution  efficiency  with  variation 
of  the  applied  dc  volt.agc . The  use  of  this  theory  allows  us  to  obtain  a direct 
ncasurc  of  the  surface  st.itc  densities  in  silicon.  It  also  provides  a good 
understanding  of  the  physical  processes  underlying  the  convolution  phcnooc- 
non.  These  results  arc  new  and  far  norc  conplctc  than  the  previous  theory 
available.  They  lead  to  an  entirely  new  technique  for  reasurcacat  of  the 
surface  state  density  distrlbutien  rhroug*'  rf»o  landg.np.  ,ts  well  as  being  of 
fundaacntal  inportar.ee  to  our  undcrs'.andf ng  of  the  operation  of  the  con- 
volver and  irwging  device. 

1.  Coner.il 

In  this.  sti'*g,  w:  sh.ill  the  '^pn  rjroiit  rorvoliitlon  output 

voltage,  denote'  by  and  wo  shall  ref.'r  it  to  the  .acoustic  power.s; 

this  nennr.  Lhit  we  d,?  n'»t  taVe  into  .ircoiu-.t  the  tr.insdecer  and  output  cir- 

evtt  less.  We  shall  write  V as. 

r*n 


Vq  is  the  open  circuit  output  voltage  r 'mp*utrd  assuninj;  no  pr"'pagation  lors 


- - 


under  the  semiconductor,  L * 20  pr'Opeiietioo  loss  due  to 

the  presence  of  the  sessiconductor . If  s normal  surface  displacmnent  field 

D is  created  at  the  s--£ace  of  the  semiconductor,  we  shall  see  that  a 

s 

potential  le  generated  across  the  device,  which  has  the  following 

form 

d > AD  4 BD^ 

■^s  as 

We  now  assume  two  (oppositely  traveling  waves  are  present,  with  fields 
and  It  the  surface  of  the  sasdconductor,  with  acoustic  potentials 

and  and  powers  P^'^and  . The  "nonlinear  convolution" 

voltage  generated  is 

V - bd^'V^^ 

0 • • 

It  can  be  rewritten  as 


where  B is  the  nonlinear  coupling  coefficient;  It  will  be  derived  in 
Section  A. 2 by  Integration  Poisson's  nation.  The  expression 

S S I s I 

' \ j')j 

is  the  linear  gap  coupling;  it  will  be  derived  in  Section  A. 5 b7  use  of 
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an  equivalent  circuit  concept.  The  expression  below 


27. 


"a  a 

ig  twlt;e  the  acoustic  Inpedance  of  the  piezoelectric  used.  This  will  be 
reviewed  In  Section  A.U. 

The  loss  tens  L Is  also  a linear  tens  and  hence  will  be  obtained 
In  Section  A.J. 


2 . The  Konllnear  Coupllnr. 

We  nay  deteralne  the  potential  at  the  surface  of  the  smlconductor 
by  writing  Poisson's  equation  In  the  fom 


dy 


1 

cr 

exp  — - 1 

- — - exp 

- - - 1 

1 ' ^ 

V kT  / J 

(iii-O 


where  the  syiAols  have  their  usual  noanlngs . Integrating  once  by  multi- 
plying by  d{#/dy  and  writing  P = -td^/dy  , we  find  that  at  the  surface 
of  the  semiconductor  denoted  by  the  subscript  s 


= N^kTc 


(III-2) 


where  the  function  F Is  defined  .is 


2 


vl/? 


F(v)  i V - V - I -•  lexp  -v)  ♦ V - 1 j ^ . (III-5) 

I • 

If  a X bias  V.  Is  applied  to  the  scn>i conductor , wc  write  potential  and 

c* 


- - 


dlsplaccaenc  as 


f,  - 


D = D . + D^,  , 

s sO  si 


where  the  subscripts  0 and  1 refer  to  DC  ard  RF  terms,  respectively. 
Wc  solve  Eq.  (I1I-2)  lor  to  second  order  in  by  w.iilnR 


of  = AD  ♦ BD‘ 

’^S  S 6 


(III-IO 


''t  follows  that 


. -I 

BD^^jaCexp  - I ) - b (cxp[-Uq)  - l)|  {HI-5) 


|a(exp  Uq  - 1)  - b|cx»>(-UQ)  * ^ J 


If  (,n  ..P  . b -»P(-o)_L  , I ^ 


i(cxp(uq)-i)  -b(py.p(-ii^)  - l) 


where 


'*0  = " 


rqN^^c  ; b . 


Ton. ' /!.' 

• 1 ' i 


(111-7) 


For  an  n-type  stmicori'liictor  an«'.  fl.''*'  band  condition,  where  - 0 , 


A - a /<■  and  B - 1/VoK.r  . V'^ion  the  surface  Is  well  depleted  A ^ d/c 

..j/  - ' • d 

H --  l/?qFjC  where  d Is  th*'  len;:th  -'f  the  depletion  l.ayer  and  the 


Debye  InneLh.  V:»icn  r.!ie.  surface  is  str-pW  accT-v.larcd  or  irverted  A • 0 , 


D - 0 . A coxnlctc  plot  of  vs  rf'^^/ViT  is  p.iven  in  Fip,.  III-l  for 


nc.  III-l  --  Plot  of  t!ic  nor'linear  coupling  coefficient  B 
vs  tBc  I)C  Furfneo  potential. 


L 


various  concentrations  . B changes  sign  and  goes  through  a Baxloia 


when  the  surface  is  nearly  intrinsic.  In  that  regine,  is  a very 


rapidly  vsrvlng  function  of  V . Besides  the  carrier  concentration  is 


very  low  and  the  minority  carriers,  in  particular,  cannot  follow  the  rapidly 
varying  traveling  wave  field  in  order  to  stay  in  thermal  equilibrium.  For 
all  purposes  the  semiconductor  behaves  as  if  it  were  only  depleted.  For 


stronger  inversion  (PqN^c  <0.5)  the  minority  carrier  concentration  becomes 


large,  their  time  constant  becomes  shorter  and  they  can  now  follow  the  acous> 
tic  field,  by  drifting  rapidly  from  regions  of  low  field  to  regions  of  high 
field.  To  suEsaarize,  the  curves  of  Fig.  III-l  will  not  be  used  near  their 
zeros  and  maxima. 

Equation  (III-7)  allows  us  to  relate  the  bias  voltage  to  the  DC 

surface  potential  0^^  . Because  of  the  high  capacitance  of  the  piezo- 


electric (thickness  y^  = I to  J nn  , pemlttlvlty  ~ 70)  compared  to 


the  alrgap  capacitance  (0.1  to  0.5  u»,  voltage  is  dropped 

across  the  piezoelectric.  If  ^ displacement  in  the  piezo- 


electric we  can  write 


'c  • “soVV 


(III-3) 


and  from  Eq.  (HI-7),  Is  given  by 


• F(q0^pAT)  * ®g''(0so^  ’ (iii-9) 


yy 


5.  Eouivalent  Circuit 

To  relate  the  first  order  term  in  0^  to  the  value  of  , we  use 

an  equivalent  electrical  circuit  in  which  "current"  is  displacement  current 
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1 - jxD  and  "pctcnti.i  1"  i.s  ••.Icctrlc  potcn^'inl  i . Tho  adnlttancc  is  then 

Y n j ^»/r 

To  derive  this  circuit  we  shall  ssakc  extensive  use  '»l  the  Klno-Rceder 
perturbation  theory'  for  the  Rayleigh  wave  acplifier. 


Flat  Band  Condition*- . Following  Kino-Reeder,  the  admittance  Y at  r e 
surface  of  the  semiconductor  looking  at  the  piezoelectric  through  the  airgap 
is  given  by  Eq.  (£1)  of  reference  J.: 


1 


Y - Y. 


M'-'O  r 

a 


P'-  -f-' 


(III-IC) 


where 


= r 


tnuh  (ph ) 


t 3 


-h(ph;) 


P ' is  tho  perturbed  propagation  c'nstant.  p the  unperturbed  one;  h is 

the  afr'ap  Ijeigbt,  w the  width  of  f he  acoustic  beam,  V 'b.)  the  acoustic 

a 

r 1 

Ir^edince  at  t'.e  snr'’a  e of  the  ‘emi .orduttor  and  . - { - is 

p yv  zr.  yz 


the  'e.lval«'>t  piT,iIw'.\*..lr»  of  the  j.  io”  i"  Icr?  : i c . Similarly  the  ndT.ittance 
Y loc'  it,,  into  the  semreo:’'"  jr^or  -ssumed  semi-infinite  Is  elven  by  Kq . ) 

of  reference 


Y 


- Y 


s 


OJ  Ps 

c 


'IIT-1 1 
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1-,  - iio'l  /e  Is  the  dlcln.ctrtc  rcHxnMon  trcqni-ncy  for  svi^orlf  carriers; 

c " J' 

^ = v^/(kT/q)a  ir.  the  diffissioi  frequency;  is  tf’C  mjorlry  carrier  nonl- 

ity.  Fro3  Kes.  (IlI-lO)  and  (TlT-lU  ve  mn  .Knw  an  oqulva’c-nt  rirr-U  shevn 
in  Fl=.  III-J  V*=rn  wn  l,noro  <■.,,„  . Tt.c  riczonlon.  rlc  l5  nctnU.l 

by  the  Inductancn  ccrosf  the  drivlns  f.ourrc  . The  p=[>  tf.-nl  In:-, 

1,  re|.rotontcJ  by  the  en,.eeltenee  .-.n.!  the  belV.  of  the  eer-.lco-K'e:tor 

contains  a -ossy  tern  anj  a capacitive  tens  . The  respective 

cy.pressions  arc  given  below: 


I r>v7. 

n 


i:'  r'~  -r 


gap  0 


m-r 


-1 


<^h  ' '’el.' 


It  will  be  noted  that  for  rnc  sewi conductors  of  interest  the  loss  tem  Is 
srjil  1 


The  "llnee-  ,;ap  courllng"  tens  is  now  sLravghr  forward  to  evaluate 

-I 


D - 

» =*  M(eh) 


la_(, 

[6h)  \ cM(0h)  / 


The  term  PCgX^/tM((2h ) In  Eq.  (III-l?)  is  a correct  on  t enr  of  the  order 
of  or  less  for  10  to  100  fl-co  silicon. 


?2 


1 


j 


Acciinwilal-lur.  c .rivlitlon:; . Kxtra  MjoriCy  carriers  arc  now  acciraulatcH 
at  the  surface  <>f  nho  saalconduccor . The  • '"ress  charge  distribution  near 
the  surface  and  its  center  of  nass  can  oc  coi^^utcd  (see  reference  t ). 

Thus  we  can  derive  an  equivalent  uniform  surface  concentration 


N* 

accu 


Nd  ^ ^/2L^  , 


where  21^  is  the  total  excess  charge.  The  gap  coupling  is  still  given  h- 
Eq.  (111-15)  where  is  now  ccnputcd  for  a concentration  . C 

the  correction  terra  is  affected  and  it  becomes  even  smaller. 


Depletion  Conditions.  We  use  the  simple  depletion  layer  approxlmati.  •- 
This  introduces  an  extra  capeclCancc  C^cplction  series  with 


■'depletion 


c/t  . 


/ = (2c5^gQ/qN^)^/^  is  the  depletion  length.  In  other  words,  the  airgap  h 
has  now  increased  to  h + Zc^/e  and  all  previous  results  arc  directly 
applicable . 


Inversion.  The  depletion  width  increases  until  becomes  of  the 

order  of  twice  the  bulk  potential  0^  . For  larger  0^^  the  depletion 

width  will  level  off  and  any  increase  of  surface  potential  will  correspond 

to  an  inversion  of  the  surface.  The  inversion  layer  extends  into  the  serai 

conductor.  To  keep  the  calculations  simple  but  nevertheless  account  for 

the  charge  spreading,  we  model  the  inversion  layer  ns  an  inf Inltcslraal ly 

thin  charge  sheet  located  at  the  true  center  of  mass,  a distance 

away  froa  the  surface.  This  decreases  the  effective  depletion  length  by 

L and  increases  the  airgap  by  L /c  . Th^  total  inversion  charge 
ci 
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I 

I 


per  unit  area  is  given  by 


= N,),g 


(III-lo) 


And  as  in  the  case  of  accumulation,  g and  L , are  functions  of 

ci 

2 

and  they  have  been  plotted  by  Many,  et  al.  From  Eq . (jO)  of  reference  J, 
the  admittance  of  such  a sheet  is 


O) 

ci***' 


■ J“Hi 


(III-17) 


where  and  are  the  dielectric  rtla::ation  and  diffusion  frequ, v ;ies , 
respectively,  for  minority  carriers,  f is  the  width  of  the  equivalent  charge 
sheet.  From  Eqs.  (III-I6)  and  (III-I7),  we  obtain  the  admittance  of  the  inver- 
sion layer 


1 - jeu/o^^ 


(111-18) 


and  we  can  now  draw  the  full  equivalent  circuit.  Jt  ic  shown  in  Fig  . 111-2. 

To  first  order,  Y.  ,,  is  mainly  capacitive  and  Y.  raainlv  resistive 
introducing  .ome  loss  and  hence  reducing  the  total  currenc  I.^,  flowing  into 
the  semiconductor,  therefore  reducing  the  convolution  output.  This  reduction 
occurs  mainly  in  the  inversion  regime;  it  is  therefore  of  interest  to  evaluate 
the  ratio  of  in  the  presence  of  an  inversion  (characterized  by  g^ ) to 

l.p  et  maximum  depiction  (g^  = 0): 


It(b"=0) 


(111-19) 


The  "reduction  factor"  P is  str.iij  htforwar  1 to  evaluate  using  the  equivalent 


- 55  - 


V 


W Is  a vnoConlcalljr  decressiag 


circaie,  and  Che  plots  for  and 

fnncCion  of  and  for  g***  » 10  , which  corresponds  to  a nediun  Inversion, 

8 is  of  Che  order  of  10  ^ . 

Propagation  Loss  due  to  the  Scsdcowductor . The  dispersion  relation  for 
the  scadconducCor-airgap-piesoelectric  sjrsten  is  obtained  by  writing  that 
Che  total  inpedance  in  Che  equivalent  circuit  is  aero,  in  the  expression  for 
it  is  convenient  to  assMse  chat  the  perturbed  acoustic  wave  has  a propaga- 
tion constant  of  the  fom 

JP'  = JP  ♦ 3^  ♦ jP^ 

where  and  are,  respectively,  the  incremental  loss  and  phase  delay 

constants  for  the  systeai.  Equating  real  and  imaginary  parts  to  zero  in  the 
dispersion  relation  yields  the  propsgation  loss  (in  Nepers  per  arater). 

Xn  the  sccuBulation  snd  flat  band  rtrgines.  is  found  to  be  inversely 

proportional  to  the  conductivity.  In  the  depletion  regltee.  the  loss  decreases 
dua  to  Che  increase  of  Che  C'juivalcnt  airgap  an'*,  in  the  inversion  regime 
will  go  Chro-jgh  a maxiisum  for  g*  ~ 1' 

1».  Acoustic  Tr  - tTo 

The  acoustic  potential  at  the  «urfa«-e  of  the  pierrelcctric  is  related 
to  the  acourtic  power  throc}  h the  acojsfic  f ip-'d.ince  ,»s  loll.jws: 

I 

di  'O'  a : P 7.  f t . (TIT- 

a I a 1 I 

is  given  by  the  perturbation  formula  ( ■'  it*  reference 


- ^ . 


|^(9)/v|  Is  the  relative  surface  wave  velocity  change  when  a shorting  plane 
is  introduced  at  y = 0 Since  the  rf  electric  field  associated  with  the 
surface  wave  s-<'»t  v^ry  as  enp(“f'y)  in  the  region  y > 0 # it  follows  that 


Z (ph)  = Z (O)  cxp{-'45h)  . (111-22) 

A A 

B.  Thaoretical  and  Exnerinental  Results 
1.  Flat  Band  ronditioos 

tfr  first  exan'ne  the  flat  band  results.  They  are  of  particular  use 
with  nraoxidized  semiconductor  and  they  provide  design  curves  to  select 
the  airgap  thickness  and  the  conductivity  of  the  semiconductor. 

The  convolution  efficiency  can  be  nomwllzed,  thus  defining  the 
«dr-valae  as  • conditions,  the  full 

expression^  is 

2 


and  the  attenuation  constant  is 


^ I vlo)  j _ - ^ \ 

3qKj  ('j.*  r-)  ' M ’ ’’)  ^ M;Jh)^ 


1 /t 

To  obtain  this,  last  rc'.ilt  we  made  th»'  assiin^n f or  that  a « » 

tdilch  is  Jestl  .i-'d  for  r*  st  so-ifi.r-.di.  *ors  ''f  :_-ter.'st.  Fienres  Ill-jja' 
and  lll-5'b)  f';>w  plots  of  the  pr.  p.‘i; l-n  pfr.*.-r  lo.ss  L and  plots  of 

and  . //x  l?»  • vs  ».. . ’octlvli”  f.  r airj  ips  var'-i-ig  hrtvo»n  0.1  and  I..' 

Both  n-  and  p-tvpe  sP  irons  arc  «cis.i’  'rt  d and  the  operating  frconency  is 


i n. 


ICC  K’lz. 


! 

FIG  III-5  --  Propcgntion  loss  and.  lues  vs.  conductivity 
for  various  airgaps. 

(a)  n-type  silicon. 


F 
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With  non>oxidizcd  silicon,  the  large  surface  state  density  pins  down  the 
Femi  level  approximately  0.5  V above  the  valence  band  edge.  For  n-type  silicon, 
the  deep  depletion  model  of  p.y>,3^  should  be  used.  Some  of  the  experimental 
results  for  .iF  are  given  in  Table  I and  compared  to  the  theoretical  predictions. 
As  can  be  seen,  the  agreement  is  good.  (The  output  circuit  was  mersured  and  its 
voltage  transfer  efficiency  compj*‘ed.) 

2.  .//-Value  and  Propagation  Loss  vc  Applied  Bias  Voltage;  Off  Flat 


Band  Results.  In  order  to  be  able  to  control  the  potential  at  tne 
surface  of  the  semiconductor,  it  is  necessary  to  oxidize  this  surface. 

T^^is  oxidation,  when  carefully  done,  will  clamp  the  f.-»st  surface  state 
concentration  at  a low  level,  fly  applying  a b.ias  voltage  to  the  struc- 
ture, the  energy  bands  can  be  bent  at  the  surface  relative  to  the  Fermi 
level.  The  probability  of  occupation  of  the  f.ist  surface  states  will 
thus  vary  as  r,  function  of  the  applied  bias;  so  will  the  charge  located 
in  these  states  (denoted  by  energy  distribution. 

Besides  these  so-called  fast  surface  states,  there  also  exists  at  the 
Si-SiOg  interface,  a fixed  charge  independent  of  the  bias.  In  the 

case  of  thermally  oxidized  silicon,  this  charge  is  positive;  its  magnitude 
depends  on  the  cleaning  and  oxidation  procedures  used.  ^fc  ^fc/** 
be  as  low  as  5.10^  charges  per  cn  . Due  to  the  presence  of  this  positive 
charge,  a p-type  silicon  surface  is  depleted  or  inverted  in  the  absence  of 
any  biasing  field;  an  n-type  slHcon  is  accumulated.  In  other  voids,  the 

theoretical  characteristic  curves  will  be  shifted  towards  inversion  or 

^fc 

accumulation  by  an  amount  V = A similar  voltage  shift  will  be 

oxide 

caused  by  the  fast  surface  state  distribution  but,  as  mentioned  previously 


this  shift  will  be  a function  of  'he  bias. 


1 

; 

[ 

TABLE  I 

M-Valucs  Theory  .-jnd  Experiment 

SesJ conductor:  n-type  Silicon;  nonoxidized;  2 cm  long 

Piezoelectric:  YZ  LiNbO^;  ’ = 1*25  h = 1000*  1500  f = 100  MHz 


Si  Resistivity 
(0-cm) 

— 

7 

9 

(’  ) 

2-Port  Insertion  Loss 
(dB) 

lU 

22 

20  I 

(2) 

Convolution  Efficiency 
(dB) 

-56 

-58 

-66 

Output  Circuit  Efficiency^ 

0.1 

0.7 

— 

0.2 

y— 

M-Value  (Experiment) 

5.C  lo"^ 

6.5  10"^ 

1 

7 lO"^ 

M-Value  (Theory  )^*'^ 
(V-m/w) 

i 

1 

0 

( 6.5  10'^ 

1 

7.5  10"^  ! 

1 

(1)  Tl»is  includes  transducer  and  pj’opagation  losses. 

(2)  Ratio  in  dB  of  output  terminal  power  (in  50  O)  to  product  of 
input  terminal  powers.  All  powers  in  nW . 

(5)  Ratio  of  voltage  actually  developed  across  a 50  0 load  to  open 

circuit  output  voltage  . j 

q0 

(li)  Computed  for  h = I5OO  X,  assuming  deep  depletion  - -20  . 

kT  I 

I 

- M - I 


We  use  the  results  derived  in  part  A to  obtain  a theoretical  plot  of 
the  relative  ,/f -value  vs  bias  voltaRe  in  the  accumulation  and  depletion 
regimes.  As  shoirti  in  Figs.  Ill-h(a)  and  III-5(a)  we  obtain  a very  good 
fit  with  the  experimental  data  if  we  allow  for  the  presence  of  a fixed 

charge  at  the  Si-SiO^  interface.  The  p-type  semiconductor  starts  out 

o -2 

slightly  depleted  corresprnding  to  a of  0.10*'  cm  volt  shift). 

9 -2 

The  n-type  semiconductor  starts  out  accumulated  with  a of  ^AO  cm 

(100  volt  shift).  Figures  Ill-h(a)  and  lll-5(a)  only  show  relative  values 
oi  , ff  ; absolute  values  are  compared  in  Table  II,  now  that  we  know  vrtiat 
the  flat  band  voltages  are;  the  agreement  in  good  here  too. 

As  the  bias  forces  the  surface  of  the  semiconductor  to  invert,  the 
Fenii  level  begins  to  scan  through  the  fast  surface  state  energy  distri- 
bution near  one  edge  of  the  band  gap;  this  will  tntrodi-'*e  a further  shift 
of  the  characteristics.  In  Figs.  Ill-Ji(a)  and  III-5(a)  the  dashed  curves 
arc  drawn  in  the  absence  of  any  fast  staten;  to  account  for  them  these 
curves  must  be  shifted  by  an  amount  /V  sho-.vn  in  Figs.  III-':fb)  and  III-5(b) 
as  functions  of  the  surface  potential  , The  surface  state  density 

distribution  per  unit  energy  is  then  obtiincd  hy  graphical  differen- 

tiation 

C . 

N = — dQ  /A'f  = d('V)/d(q/  ) states/em'/eV 

ss  q ss  '^sO  ' ' ' s2'  ' ’ ' 

As  seen  in  Figs.  Ill-li(b)  and  III-;}(b),  this  distribution  exhibits  m.nxima 
near  the  band  edges.  Its  gcncr.il  shape  and  amplitude  .?rc  in  accordance  with 
results  obtained  clseviicre  by  other  methods.  The.  total  number  of  surface 


ss 


states  measured  in  this  way  Is  Q 


P.h  13*^  cm 


near  tljc  comlurtion  band 


near  the  valence  band  edge.  It  is  cofsparably 


edge  and  Q = 5*2xl0^^cra 
s s 

harder  to  accumulate  strongly  than  to  Invert  a semiconductor,  consequently 
the  surface  state  dif>tribution  could  only  be  studied  at  one  extveaiity  oJ  the 
bandgap  vlth  a given  semiconductor. 

With  all  this  knowledge,  we  can  now  plot  the  theoretical  propagation 
loss  due  to  the  semiconductor  in  all  regimes  (see  Fig.  Ill-k(a)  and  III-5(a)). 
The  depiction  layer  approximation  is  not  very  accurate  in  accounting  for  the 
propagation  loss.  The  theoretical  loss  is  also  somewliat  higher  than  experi- 
mentally observed  in  inversion.  The  inversion  layer  uniformity  is  indeed  a 
very  sensitive  function  of  the  uniformity  of  the  airgap  and  we  noticed  that 
only  portionji  of  the  surface  were  inverted;  the  transmission  loss  was  hence 
lower  than  expected.  Besides,  the  model  we  used  for  the  inversion  layer  is 
quite  sicqile  and  may  not  be  very  accurate  for  light  inversion  when  the 
inversion  layer  extends  several  Debye  lengths  into  the  bulk.  But  the  general 
shape  and  orders  of  magnitudes  can  bf  correctly  predicted  and  in  the  case  of 
the  ../(f-value,  the  agreement  is  excellent. 
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N-TYPE  SI 


0.25  0.24  0.23  0.22  0.21  0.20  0.19 
ENERGY  FROM  VALENCE  BAND  EDGE  (cV) 

Fl<~.  — Voltage  shift  and  donor-type  surface  state 

density  distribution  fn-type  silicon). 


FIG.  III-5(a)  -■  ^</-valuc  and  propagation  lots  vs  bias  voltage 
(p-type  silicon). 
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DINSSTY  OF  SUfTACE  STATES 

(x|0"cin2eV')  VOLTAGE  SHIFT  (V) 


P-TYPE  SI 


^ I 1 « — I 1 < ♦ » — 

0.29  0.28  0.27  0.26  0.25  0.24  0.23  0.22 

ENERGY  FROM  CONDUCTION  BAND  EDGE  (eV) 

FI»^  Tll-'/i.'  — ''oUavo  sMf:  n:«<’  accepCor-typ.  surface  state 

* ' n-f  fkr\  c-ili  pfir*.  j . 
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IV.  MONOLITHIC  ZnO  ON  SILICON  CONVOLVER 


In  Section  III  we  described  our  work  on  the  airg.np  convolver  for  use 
as  an  optical  ira/iging  device.  It  i*  apparent  that  this  couf Iguration, 
because  of  its  mechanical  deficiencies  as  veil  as  certain  problems  assocJ- 
ated  with  a free  oxide  surface,  is  not  likely  to  be  useful  in  a final 
device.  But,  it  has  been  and  still  is  extrcmel-  useful  for  testing  out 
cur  initial  concepts.  We  have,  therefore,  dev  -ed  considerable  effort  to 
the  development  of  a monolithic  device  This  app  each,  the  deposition  of 
ZnO  on  Si,  has  required  a considerable  technological  effort,  for  it  is 
necessary  to  perfect  the  sputtering  of  the  ZnO,  to  perfect  the  intcrdigital 
transducers  required,  to  understand  the  theory  of  the  ZnO  convolver,  and  to 
detemino  theoretically  the  optimum  thicknesses  of  the  ZnO  and  the  optimum 
resistivity  of  Si.  We  have  had  to  grow  special  epitaxial  layers  of  Si  for 
this  purpose,  and  learn  how  to  sputter  the  optimum  ZnO,  both  on  the  Si  and 
in  the  regions  of  the  transducers.  Beyond  this  point,  we  have  to  concern 
ourselves  with  the  optical  problems,  the  perfection  of  a good  transparent 
conducting  layer  through  which  the  light  can  reach  the  Si,  problems  wi^h 
t.-aps  in  the  ZnO-SiO^  interface,  and  problems  with  the  SiO^-Si  interface 
in  which  the  surface  st.Tto  density  is  not  necessarily  optimum  because  of 
the  requirements  on  temperature  \#hile  growing  the  ZnO. 

We  have,  therefore,  been  carrying  out  a joint  effort  with  B.T.  Khuri- 
Yakub,  working  on  another  contract  (RADC),  to  perfect  the  technology  of  the 
ZnO  on  Si  convolver.  A.s  time  progresses,  and  we  are  near  to  :his  state  at 
the  present  time,  we  intend  that  the  work  on  this  contr.ict  will  then  be 
devoted  exclusively  to  the  optical  imaging  aspects,  while  the  work  on  the 


I 


R(\DC  contrnct  will  be  devoted  to  the  dcvclopraent  of  the  convolver  for  si(;nai 
processing  applications. 

The  basic  conliguration  employed  is  shown  in  Fig.  IV-1.  It  consists 
of  a bulk  Si  substrate,  or  .^n  epitaxial  layer  of  n on  n Si.  Approxi- 
mately 800  X of  SiO^  is  thermally  grown  on  the  Si,  then  Au  pads  are  laid 
down  on  each  end  of  the  device.  It  is  vital  that  the  /.u  crystallites  should 
be  well  aligned  in  the  (ill)  direction,  for  eventually  ZnO  will  be  laid  down 
on  top  of  the  Au,  for  tlic  quality  of  the  ZnO  is  dependent  on  the  alignment  of 
the  Au  crystallites.  In  turn,  a ZnO  layer  approximately  I.5  urn  thick  is  laid 
dowi  along  tlie  full  length  (5  cm)  of  the  de»  ice  and  then  at  each  end  of  tliC 
system,  interdigital  transducers  are  deposited  for  use  as  input  transducers. 
In  the  middle  region  a tliin  transparent  Au  (epproximauely  200  X)  contact  is 
laid  down  for  optical  imaging  purposes.  For  a convolver  this  contact  can, 
of  course,  bo  tliickor. 

Initially  on  the  fhVDC  contract,  considcrabU  effort  was  devoted  to 
determining  the  optimiLm  temperatures  for  growth  of  the  ZnO  layer.  It  was 
found  that  on  Au  the  optimum  temperature  is  .approximately  2?5°C,  idiercas 
on  SiO^  tlic  optimum  tcmpcr.iturc  is  about  250°C . These  temperatures  arc 

C. 

critical  if  well  aligned  ZnO  crystallites  arc  to  be  obtained  sc  that  good 
piezoelectric  coupling  can  be  obtained. 

We  carried  out  a tlicorctical  analysis  to  determine  the  convolution 
efficiency  of  this  type  of  convolver.  Roth  the  optical  sensitivity  and 
the  convolution  efficiency  tend  to  be  nuximum  at  approximately  the  same 
point . 

The  theory  for  the  efficiency  of  the  monolithic  convolver  was  derived, 
initially  at  flat  band  conditions.  This  theory  takes  into  consideration 
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the  silicon  dioxide  layer  between  Che  zinc  oxide  filn  and  the  silicon  sub' 
strate.  The  Internal  convolution  efficiency  is  Riven  by  the  relation 
.U  - 
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where  V ^ the  voltage  at  the  plate,  and  Pj,  P^  are  the  input  powers  pnr 
unit  width.  Sisiilarly,  the  propagation  loss  pur  cw  of  silicon  is  given  by 
the  relation 
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H -re  •-  is  the  frc'*  spice  di>  lr<  trie  constant . v is  the  surface  acoustic 


wive  velocity,  and  ' , i*  the 


« .A  "j) 
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n"th  defined  as 

G 


and  nrc  the  dielectric  constants  o£  ZnO  in  the  x and  z dircc- 

XX  zz 

tions,  respectively,  .'v/v  is  the  coupling,  coefficient  of  ZnO  on  Si,  h is 

the  thickness  of  the  zinc  oxide  filn,  d is  the  thickness  of  the  silicon 

dioxide  filn  is  the  dielectric  constant  of  silicon  dioxide,  u;  is 

ox  ‘- 

thc  dielectric  relaxation  frequency  defined  as  ^ ^ conduc- 

tivity of  the  silicon,  and  • is  the  dielectric  constant  of  the  silicon. 
This  theory  is  valid  for  f < 500  MHz  and  c > 0.5  '"/o 

In  KiR.  IV-  . .if  and  are  plotted  as  a function  of  the  conduc- 

tivity of  the  silicon  for  different  values  of  d . the  thickness  of  the 
silicon  dioxide  filn.  An  optinun  device  is  used  so  that,  with  loss  taken 

into  account,  the  efficiency  is  naxinun. 

Further  developocnts  of  the  theory  indicate  that  the  aaxiaiir  convolu- 
tion efficiency  in  this  confip.uration  occurs  when  the  Si  layer  is  depleted. 
This  Is  in  apreeaent  with  our  cxperinental  results  and  is  a desirable  charac- 
teristic for  an  optical  inaRing  device  in  vrtiich  carriers  are  penerated  in 
such  a depletion  layer,  and  the  holes  nove  through  it  to  the  surface  to  be 
stored  at  the  surf.ice  in  traps,  thus  giving  .a  relative  large  storage  tiiac, 
and  hence,  high  sensitivity. 

It  will  be  seen  that  in  this  configuration  the  convolution  efficiency 
is  naxi*aun  over  a wide  range  of  resistivili-s  . but  the  optiniaa  resistivity 
for  a l(X>r  X thick  SiO  layer  is  .'pproxiei-itely  oha-ca.  Consequently,  we 
constructed  our  convolvers  on  1 - 1 oha-cia  n-tvpc  aatcrial  . the  range  of 

resistivities  specified  hv  the  Si  mntifact urer , which  is  fairly  near  the 
optiaun  resistivity  and  i of  a v.iluc  in  which  it  is  possible  to  obtain 
high  quality  aatcrial.  A f;*w  experinents  have  also  been  carried  out  on 


-VALUE  (v-m/W)  PR0PAGA:?C:4  L03 


FIG.  IV-2  --  Propnp.ation  loss  per  c=  of  silicon  (Or)  nnd 
convolution  efficiency  f. //'  , versus  silicon 
conductivity  fd  r:  silicon  dioxide  film  thickness). 
It  will  be  seen  tli  //value  vith  loss  has  a 

shallow  naxinun  'V  '.-cn  v’ th  d = 1000  X. 
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epitaxial  n on  a’  naterial , which  wc  have  Krovm  in  the  Intecratcd 
Circuits  Laboratory.  This  naterial  has  a 5 thick  n layer  and  appears 
to  be  of  higher  quality  for  our  purposes  than  the  bulk  naterial;  it  is  nore 
unifom,  the  resistance  between  the  layer  and  the  botton  contact  is  very 
snail,  and  the  lff,yer  itself  appears  to  have  fewer  traps  present.  For  the 
epitaxial  layers,  we  neasured  the  carrier  density  by  Schottky  barrier  tech- 
niques, but  the  exact  value  of  the  re.cistivity  of  the  sanples  used  was  not 
neasured  because  convolution  efficiency  is  alnost  constant  over  the  range 
specified . 

We  used  10  finger  pair  transducers  operated  at  an  Input  frequency  cf 
120  MHz.  Because  of  the  presence  of  the  grounded  silicon  substrate,  one 
side  of  the  Interdlgital  transducers  oust  not  be  connected  to  ground,  as 
this  would  nean  that  no  field  will  exist  between  thet  side  and  the  gold 
pad,  and  would  not  then  contribute  to  the  generation  of  the  .acoustic  w.ave. 
We,  therefore,  feed  the  interdigital  tr.ansducers  through  an  unbal.inced-to- 
balanced  transfomer  (balun)  .and  h.ave  designed  and  constructed  a irans- 
fonaer  of  the  type  .shown  in  Fig.  lV-3>.  The  output  ends  of  the  tr.ans- 
misslon  line  are  both  floating  across  two  inductors  to  ground;  these  two 
inductors  arc  equal  If  the  transnisslon  line  and  the  wire  have  the  sane 
length.  The  output  is  then  bal.anccd.  Wc  have  also  designed  and  con- 
structed a aatching  circuit  to  txatch  the  intcrdigit.al  tr.ansduccrs  to  50  ."I. 
The  input  circuitry  is  connected  as  shown  in  Fig.  IV-’.  With  this  con- 
figuration, the  neasured  tr.ansduccr-to-transdi  ccr  loss  was  l6  dB  . This 
is  greater  th.an  its  optlnun  value,  because  the  c ,p.acit.ancc  between  the 
transQu-er  pads  and  the  gold  filn  underneath  the  ZnO  tends  to  be  too  high 
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F, 


1 

v;e  now  have  the  capability  of  maV:ing  pads  only  a P nil  x 2 nil  and  have  made 
sanp’es  with  a pad  capacitance  well  below  the  interelectrode  capacitance  of 
the  interdigital  transducers  themselves.  Tltis  increases  the  effective  radia- 
tion resistance  from  approximately  12  f)  to  the  theoretical  value  of  50  Q. 

With  such  transducers  operating  in  an  unbalanced  mode,  we  have  obtained  a 
teminal-to-tenainal  loss  of  I5  dB  . We  expect  to  reduce  the  teminal-to- 
teminal  loss  in  the  balanced  aiode  tj  less  than  12  dB . 

With  the  use  of  the  I8  dB  transducer,  a convolver  with  an  efficiency 
of 

F = P P^  = -5O  dBm 

out'  in  in^ 

was  constructed.  Tliis  compares  with  the  theoretically  calculated  value  of 
-57  dBn,  a very  close  fit.  The  present  bandwidth  of  the  device  is  8 Mllz. 

The  results  may  also  be  compared  with  that  of  our  best  airgap  convolvers 
for  whicli  F ~ -1»2  dBm  . By  reducing  the  loss  of  the  transducers  further, 
and  by  clianging  some  of  the  parameters  slightly,  we  expect  to  bi  able  to 
obtain  convolution  efficiencies  of  better  than  -5.  dBm.  i.c.,  an  output  of 
-10  dBm  with  2')  dBm  reference  signals.  This  wul«l  give  a 50  - 70  dB  dynamic 
innge  in  an  optical  imaging  device. 

We  have  ebserved  a shift  of  the  characteristics  of  the  convolver  due 
to  the  application  of  dc  bias  to  the  top  pl.acc.  This  shift  remains  when 
bias  is  removed.  We  believe  that  this  effect  is  due  to  driving  ionic 
charges  into  the  silicon  dioxide,  where  they  give  rise  to  tr.ap  levels 
with  a large  time  constant.  We  have  grown  a layer  of  silicon  nitride 
between  the  zinc  oxide  am'  silicon  diov*  in  order  to  prevent  this  effect; 
it  .appears  to  perform  the  protective  r' ’ c crpcctcd.  An  additional  cl  feet 
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encountered  at  first  was  due  to  the  long-t^jne  storap.e  of  charge  generated 
when  the  applied  fields  were  beyond  the  avalanche  breakdown  point.  Now, 
with  more  careful  attention  to  the  applied  fields  and  to  the  processing 
treatnents  employed,  we  appear  to  be  able  to  eliminate  the  hysteresis  with 
the  use  of  silicon  nitride. 

We  have  carried  out  experinents  to  determine  how  these  devices  will 
perform  as  photosensors,  but  have  not  yet  used  them  to  obtain  scanned 
images.  So  far,  we  have  illuminated  the  total  area  of  the  semiconductor 
and  determined  how  the  efficiency  Is  modulated.  We  have  observed  that  we 
have  been  able  to  change  the  output  efficiency  of  the  convolver  by  iB  dB, 
i.c.,  we  have  obtained  an  lO  dB  dynamic  range.  Tliis  compares  very  favorably 
with  the  alrgap  convolver  in  which  the  dynamic  range  is  close  to  10  dB  when 
no  grating  is  used  in  front  of  the  convolver.  In  thi.s  configuration,  we 
would  of  course  expect  to  eventually  place  a grating  on  t>c  top  surface  to 
obtain  a large  dynamic  range,  just  as  in  the  alrgap  convolver.  Tills  would 
be  easy  to  do  in  this  system,  for  the  grating  could  be  placed  very  close  to 
the  silicon  surface  in  a further  deposition. 

Tlie  results  obtained  arc  only  prclintnarv  and  are  not  cptlnlzcd.  The 
gold  layer  is  probably  tliickcr  Chan  it  shotild  he  and.  tl.iis,  I'lc  light  pass- 
ing through  it  is  attenuated;  we  need  to  thicken  u-  rlic  cd;;es  of  the  gold 
layer  so  that  its  rcsistantc  will  be  lower  along  its  length,  thus  making 
the  device  suitable  for  iirwing  in  wl’irh  a uniform  high  speed  response  is 
needed  over  the  length  of  the  fil  i.  A far  more  serious  problem  has  been 
the  fact  that  in  the  opiinl  raodo  the  results  have  not  been  highlv  repro- 
ducible, althoMfh  the  convolver-  i*.e-sclves  are  high  reprodin  ib!e.  The 
basic  problo-.i  here  appears  to  be  elated  to  the  presence  of  surface  st.atcs 
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nt  the  silicon  dioxide-sil icon  interface.  This  leads  to  the  presence  of 
both  slow  and  fast  states.  The  slow  states  give  rise  to  a lon};-terin  raemorv 
bec.iesc  ebarpes  are  stored  in  them  for  periods  which  can  extend  up  to  deys  . 
thus  accoiinCinR  i^or  the  lack  of  reprodiicibilitv  of  the  results.  The  fast 
states  are  useful  in  that  they  store  charpe  and  hence  lead  to  raore  sensi- 
tivity, but  it  is  difficult  to  control  thr  unifemltr  «>f  the  surface  states. 

We  do  not  believe  that  it  is  fruitful  to  try  and  neet  the  .surface  state 
problem  head  on.  We  are.  therefore,  adoptlnR  a different  approach  very  simi- 
lar to  that  adopted  in  the  cliarpe  coupled  device.  Basically  we  arc  con- 
structing our  next  devices  using  a large  nu.mbcr  of  p-n  junctions  along  the 
scniconductor  surfaces;  the  nonlinear  interaction  now  takes  place  in  the  buried 
junction  rather  than  at  the  surface.  This  should  avoid  the  whole  proM as.-  oci- 
ated  with  surface  states  and  also  give  rise  to  exLrer>ely  high  sensitivity  in  th(? 
optical  inaging  device.  Our  work  on  this  buried  fhanncl  concept  will  he  de- 
scribed in  the  next  progrecs  report. 

At  t!ic  sane  tine,  wo  are  •ir«.«hioe.  up  our  improvements  on  the  convolver 
configuration  so  as  to  opera»e  wifh  som<*w*»at  hiv.h.T  rc.si  stlvitics , of  the 
order  of  ohm-cm;  fhi';  shruld.  g've  ar  r i enrv  of  F -*’'■  dBm  , or 

better.  We  are  aKo  de.  i'r;ine  new  t an*  increase  the  bandwidth  to 

I,-*.  MHz.  We  p-<;r.ose  t f.  » by  d-"  ’ e nun*'er  of  finger  pairs 

and  incre.as: U'’,  r'l-'  par-r.Ui.-s  .rejueaev. 
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V.  FM  CHIRP  GENERATOR 

Because  of  the  specialized  requireiaents  placed  on  the  sweepers  in  this 
experinent,  it  was  felt  that  a specialized  sweeper  would  be  more  appropriate 
than  a general  laboratory  instrument.  Thus,  a design  project  was  undertaken 
to  meet  these  requirements.  The  sweeper  must  be  capable  of  very  high  sweep 
rates  (200  kHz/usec),  while  maintaining  extreme  linearity  (i  1*0  kHz  fros* 
straight  line).  It  was  felt  that  the  design  would  be  simplified  with  the 
use  of  integrated  circuit  oscillator  components  by  implementing  the  basic 
voltage  controlled  oscillator  at  50  MHz,  and  then  doubling  to  100  MHz.  The 
requirement  for  the  MHz  VCO  were  sweep  rates  of  up  to  100  kHz/^sec  and 
linearity  of  ± 20  kHz  fron^  straight  line. 

The  basic  circuit  chosen  for  the  VCO  utilized  a Motorola  MC  l61*8  inte- 
grated circuit  oscillator  with  a pair  of  hyper-abrupt  junction  veractor 

tuning  diodes  in  the  tank  circuit.  It  wa*  found  experimentally  that  there 

2 

was  a narrow  region  over  which  the  capacitance  varied  as  1,A'  (where  V 
is  the  applied  voltage)  in  a fashion  wtiich  was  sufficiently  linear  to  allow 
the  design  requirements  to  be  met.  The  problem  here  is  that,  while  the 

p 

diodes  show  approximately  a l/V  characteristic,  there  is  some  error,  and 
the  deviations  from  the  correct  characteris  ic  can  be  large. 

Once  the  desired  operating  point  on  rhe  diode  was  located,  an  inductor 
was  chosen  to  give  the  desired  center  frequency.  A control  voltage  buffer 
circuit  was  then  constructe.’-  to  allow  the  diodes  to  be  biased  at  the  proper 
point,  and  yet  allow  a sweep  input  voltage  which  varied  about  zero,  so  as 
to  be  able  to  keep  the  center  frequency  invariant  while  varying  the  sweep 
rate. 
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During  the  testinj;  of  tlic  oscillator,  it  was  found  that  t’actv  wa»  a 
large  temperature  dependent  froqnencv  variation.  It  was  determined  that  ^ 

this  variation  cane  from  three  sources:  the  temperature  coefUcients  of  , 

the  tuning  diodes,  the  input  capacitance  of  tlie  MC  I*'.',  and  the  refer-  ^ 

ence  voltage  for  the  diodes.  The  tuning  diodes  were  placed  in  component 

ovens  and  the  MC  1 ! was  put  on  a component  heater  to  temperature  stahi-  ; 

lize  them.  The  reference  voltage  was  temperature  stabilized  bv  the  use  j 

I 

of  a temperature  compensated  reference  diode  (IN!.'*'  . I 

With  these  additions,  the  VCO  was  then  used  witli  an  internal  bridge  j 

diode  modulator  followed  bv  a power  ampli ficr-doubler  circuit  to  achieve  , 

I 

the  desired  center  frequency  and  bandwidth.  Ibe  ciriuic  is  shovm  in  I 

Figs.  V-1  and  V-''.  j 

These  sweepers  were  found  to  perferr.  as  expected  and  will  sweep  well 
in  excess  of  the  desired  rate,  wliile  still  maintaining  the  required  linearity 
over  a slightly  reduced  b.indwidth.  as  can  be  seen  from  the  f-:cqucncy  devia- 
tion curves  given  in  Fig.  V-’. 
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APPEND  LX 


IMAGING  BY  TRANSFORM  CODING 


Wc  Rive  here  a derivation  of  the  mathcaatical  results  associated 
with  the  convolution  and  filtering  processes  that  take  place  in  the 
complete  iaaging  systca  represented  in  Fig.  11-f  . 


Notation: 

L = length  of  the  semiconductor 
V acoustic  wave  velocity 

T,  ^ l/v  acoustic  delay  under  the  semiconductor. 

The  input  chirped  signals  have  the  following  characteristics: 

- duration 

p 

- chirp  rate  Uj  and  in  rd/s 

- t'.otal  input  bandwidth  B^  (iij  * 

- disp'-rsivc  filter  bandwidth  B^  - ... 


Convolver  Output ; 

We  take  the  center  of  the  semiconductor  as  the  origin  z 0 
the  two  input  electrical  signals  arc  f^  t)  and  f t , the  output 
voltage  of  the  convolver  h t is  given  by 


h^tl 


t - z/v  f^  t 4 7 V dz 


A-l) 


Now  let  fj  and  f„  be  the 
and  chirp  rate  ...  and 

L.  * 


chirped  signals  of  center 
, r •spectivclv: 

7 

ii  1 ’ — 


frequency 


and 


A-  ) 


1 


and 


fjr) 


xp  J 


(A"5  ) 


Due  to  the  presence  of  the  grating,  we  asstiac  no  dark  current  and  hence 
the  output  of  the  convolver  Is  proportional  to  the  light  generated  car- 
rier density  n(z)  . VV  express  this  output  as 


h(t)  = exp(j^:,t) 


l/p 

1 n(i  ) exp  J 

\ '^1 

Vo 

2 V V / V 

dr. 


(A-l.) 


The  output  corresponding  to  one  spot  of  light  at  is  obtained  by 


letting  nfz)  « ^'(z  - z^)  in  Eq . (A-^' 


^^(t)  = exp  j 


"O  * 


Uj  * U; 


t >■  exp  j 


(=4^)5 


h^it)  is  chirped  with  a chirp  rate  Uj  *u  i*nd  its  center  frequency  is 
a linear  function  of  position 


(r: 


(A-5) 


hft)  is  also  called  the  Fresnel  Transform  of  n r. ) To  reconstitute 
the  original  i::wigc  n z)  , uc  »ust  t!»us  feed  l»(t  into  a filter  natched 
to  a chirp  rate  * u-,  and  length  T^  . The  transfer  function  of  such 


filter  can  be  written  as  follows: 


E( 


• f 

. ) exp  ( - j j • r 


(Uj  - Up)Tc 


A-O 


^7 


I 


where  H Is  unity  in  the  interval 

and  zero  out.ide  it.  We  did  not  account  for  the  linear  phase  factor  in 
F(cu)  which  corresponds  to  a constant  time  delay;  and  we  had  to  introduce 
an  -absolute  value-  sign  to  ensure  the  hemiticity  of  the  transfer  function, 
in  what  follows,  we  shall  only  Integrate  over  positive  frequencies  (thus 
introducing  an  extra  factor  2)  and  we  shall  drop  the  absolute  value  sign. 
Let  H(cu)  be  the  spectrum  of  h(t)  , the  output  of  the  filter  is 


g(c ) 


♦ «r 

isf 


F(j>)  H(cj-)  exp{j  t)  d'.. 


(A-7) 


with 


H(a) 


) exp(-j:t')  dt' 


(.V3) 


and  rewrite  g(t) 


as : 


K(t) 


dz  n(z)  exp  j 


2 


4 


u;(z)t 


ai(  z f 

2(iij  - Wp) 


ui,-a)(z  j4^ 


y 2 


( ‘ 

/ '*>(  z ) \ 

I exp 

jn  t - ) 

J 

u:(z  )-7TB 

s 

dT 


(A-11) 


The  integral  over  T is 


and  the  integral  over  fj  introduces  a sinX/X  function.  After  a few  re- 
arrangeaents  we  obtain 


s(0 


exp  ( j^^(t  - '^)1  • exp  J I 7 ~j 


/ ” 

-I./2 


sin  “S  t - - z /v  ) 

/ X s O s 

(z)  1 exp 

ttB  t — , - z/v  ) 


Uj  ;* 


lif  - Jip 


dz 


A-1.  ) 


T-  = - u^)  is  the  tiac  deiav  in  the  dispersive  filter  at  the  center 

frequency  . The  sinX/X  function  is  the  "scanning  function”.  It  is 


peaked  about  the  point  z = ^^{1-1^)  , hence  is  the  actui  I scan 


velocity  given  by  the  relation 


V = V 


(A-i!;) 


“c 

The  5 dB  width  of  the  "scanning  function"  defines  the  minimuo  resolvable 
spot  d^: 


B 


d — 

® B Bp 

s ^ 

The  nunber  of  resolvable  spots  is  therefore  given  by 


(A-U) 


(A-15) 


« ■ - - Va  - “s^c  • 

d 

s 

The  last  equality  cones  from  the  definitions  of  the  'velocities  v and 
we  can  indeed  write 


L = vT, 


V Tp 
s C 


For  nedium-to-high  resolution  (N  > JO),  the  scanning  function  is  sharply 
peaked  about  z = v^(t  - Tq)  . In  this  case  it  can  be  shown  that  over  the 
center  lobe  of  width  2d^  , the  phase  error,  in  the  Integral  of  Eq.  (A-12), 

is  only  tt/N  . We  nay  therefore  approximate  the  phase  tern  in  this  integral 
by  its  value  at  z = v^(t  - z^)  . The  limits  of  integration  can  also  be 
rc-oved  to  infinity  if  we  consider  that  n(z)  is  zero  outside  the  interval 
L/2]  . Finally,  to  obtain  the  aniplitvide  of  the  reconstituted  inag<s. 

we  approximate  the  scanning  function  by  the  dirac  function 


B 


z - V 
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Equation  (A-16)  follows; 


g( 


W B 


«xp  - j I ■ (■;  - ■'o) 

/ X TT  ^0 

+ - ’o)  * I ♦ 7 


(a-16) 


g(t)  Is  a replica  of  n , delayed  by  Tq  and  chirped  with  a chirp  rate 
approxinacely  equal  to  ^ ® center  frequency 

Comparison  with  the  Direct  Imaging  System 

In  a direct  imaging  system,  a narrow  pulse  of  width  f'  scans  the  semi 
conductor  at  a velocity  v . The  output  is 


®direct^^^ 


The  resolution  is  simply  v9  and  the  number  of  resolvable  spots  = . 

Besides  the  output  bandwidth  is  e'^  . The  1-  function  can  be  approxi- 
mated by  veE(x-vt)  and  becomes 

■ o (t)  = v9  n(vt)  exp(jt..,t)  . (A- 17) 

direct  J 

For  a given  resolution  let  us  now  compare  the  S/N  ratio  in  the  two  systems. 

In  the  chirp  system  the  signal  amplitude  is  given  by  Eq . (A-16)  and  the 
noise  is  proportional  to  the  bandwidth  . In  the  direct  imaging  system 

the  signal  amplitude  is  given  by  Eq . (A-l?)  and  the  b.indwldth  used  is  0 ; 
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chirp  system 


!*kT  B 

s 

(ve)^ 

^^/^’^direct  system  “ 

Since  the  resolutions  have  to  be  identical,  we  can  write  N = T = T B 

A A 

We  then  obtain  the  S/N  improvement  C provided  by  the  Transform  Codlr.® 
of  the  image.  C is  given  by 


= T 

C C 


(A-18) 


We  used  Eq.  (A-lh)-  Equivalent  forms  for  C are  readily  derived: 


s-i 


N — = K — 


(A-19) 


Design  Curves 


We  denote  by  a the  dispersion  of  the  reconstitution  filter 


(in  Hz/sec),  By  definition,  fTTa  - i 


Wc  c.’ll  and 


B.,  the  frequi  .cv  excursion  in  the  two  input  chirped  signals  so  that 
2ttBi  *'**^*^  • With  these  adtlit iotnl  definitions  we  give 

below  a sunmury  of  the  results  needed  in  designing  the  svstem; 

a Tq  ^ B , - B^ 


Be  = B,-B. 


Bj  - n 


N - r.  T_  . B„T. 

s ^ A 


We  can  express  Be*  Te  and  B in  terras  of  the  acoustic  delay  tine  T, 
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the  filter  dispersion  a and  the  number  of  resolvable  spots  N . 
obtain 


We 


T^,  = (N/a)^/’ 

B = (aN)^/^  . 

s 

Figure  A-l(a)  gives  plots  of  and  vs  N in  the  particular 

experimental  case  where  - U usee  and  a is  ^ MH7./J.O  usee.  These 

plots  allow  v»s  to  detetmine  Bj^,  B^  and  , the  chirp  characteristics, 

to  achieve  any  resolution  N below  lt?0.  Figure  A-l(b)  gives  plots  of 

T and  B vs  a for  the  three  resolutions  N - 120,  '’00  and  JOO 
C s 

If  the  line  time  T and  the  resolution  N are  given,  one  can  therefore 

c 

find  what  dispersive  filter  to  use. 


(o)  NUMBER  OF  SPOTS 

FIG,  A-l--Dcsign  curves  for  the  inaging  system  by  Fresnel  transf 
(a)  Line  cine,  filter  bandwidth  and  chirp  bandwidth 
T,  - us  and  a MHz/l<0  uf . 


FILTER  DISPERSION  (MHz//iscc) 


(b)  Line  tine  and  filter  bandwidth  vs  filter  dispersion 
for  various  nursdiers  of  resolvable  spots. 


FILTER  BANDWIDTH  BjCMHz)  | FILTER  BANDWIDTH  B^(MHz) 

CHIRP  BANDWIDTH  B.(ilOMri 
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